Results and Discussion

Synthesis of Dinuclear Ruthenium(II)-NHC Complexes. The bimetallic ruthenium(II) complexes 2
comprising bridging NHC ligands were synthesized from the corresponding diimidazolium salts 1 21 by transmetallation according to modified procedures (Scheme 1). 22 Notably, the preparation of the Agcarbene intermediates proceeded much cleaner in warm MeCN than from CH 2 Cl 2 solution. Subsequent carbene transfer to [Ru(η 6 -p-cymene)Cl 2 ] 2 was performed in the case of short linkers (n = 1, 2) by gradual warming of a frozen CH 2 Cl 2 suspension of the silver-carbene complex in the presence of a solution containing the ruthenium(II) precursor. Under these conditions, chelation of the dicarbene ligand 23 was successfully prevented. Formation of the bimetallic complexes 2a-d was indicated by the expected 1:1 cymene/imidazolylidene ratio in the 1 H NMR spectra. Typically, the cymene protons appear as two pairs of doublets, suggesting a locked conformation of the arene rings in solution. Furthermore, the NCH 2 protons of the nBu wingtip group are magnetically inequivalent and gave two distinct sets of multiplets as a direct consequence of the restricted rotation about the Ru-C carbene bonds. Similar behavior was observed for the monometallic model complex 3 comprising a monotopic NHC ligand, 18a and also for related dinuclear rhodium(I) complexes 22a containing the same type of ditopic carbene ligands.
The room temperature 1 H NMR spectrum of 2c revealed broad signals. Fluxional behavior was evidenced by variable temperature experiments. At -20 °C, three doublets (1:1:2 integral ratio) were observed for the cymene protons, which merged into two doublets (1:1 ratio) upon heating the solution to +55 °C. From the coalescence temperature, T c = 300(±2) K, an approximate activation energy ΔG ‡ = 63.6(±0.4) kJ mol -1 was calculated for this process, tentatively attributed to rotation about the Ru-C carbene bond. Similar behavior and an essentially identical activation energy was also noted for 2d (T c = 311(±2) K, ΔG ‡ = 63.0(±0.4) kJ mol -1 ). The barrier is slightly lower in the related mononuclear complex Solid-state structures. Suitable crystals of 2a and 2d were analysed by X-ray diffraction. The molecular structure of 2a ( Fig. 2) confirms the bridging coordination mode of the ditopic carbene ligand as presumed from solution measurements. The unit cell contains two crystallographically independent molecules of 2a, which differ in their distinct orientation of the arene substituents. 24 Moreover, the Ru … Ru distances in the two molecules vary considerably (7.0244(5) Å and 7.2614(6) Å, respectively).
Bond lengths and angles around the ruthenium centers are unexceptional. 18a,22,25 Short intramolecular contacts between all chlorides and NCH 2 hydrogens were observed. For example, the two hydrogen of the CH 2 bridge engage in a C-H … Cl interaction with chlorides bound to different ruthenium centers (average H … Cl distance 2.60 Å). (12) a) molecule 1 and molecule 2 refer to the two crystallographically independent molecules in the asymmetric unit of 2a, east and west parts refer to the Ru1 and Ru2 fragments, respectively, of complex 2d
Remarkably, the intramolecular Ru … Ru distance in the molecular structure of complex 2d (Fig. 3a) is 6.4268(12) Å and hence shorter than in the methylene-bridged analogue 2a (> 7.0 Å). This shorter metal-metal separation illustrates the increased flexibility of the alkyl linker between the heterocycles in 2d. While the molecular parameters (bond lengths and angles, and also the short intramolecular C-H … Cl-Ru contacts) are similar to those in 2a, the packing diagram of 2d is different and shows a lamellar structure consisting of layers of molecules in the ab plane (Fig. 3b) . Four molecules form a channel, which is filled by molecules from adjacent layers. The intermolecular metal-metal distance is 7.368 Å and thus slightly longer than the intramolecular metal separation. The specific organization of the molecules may suggest some degree of self-assembly. However, we have not succeeded in identifying any specific intermolecular contacts that may point to secondary interactions such as van der Waals or π-π interaction. Fig. 4a ) suggesting electronic coupling of the metal centers. The first oxidation potential compares well with the anodic peak potential of the monometallic analogue 3 (E pa = 1.09 V vs. SCE) and suggests a similar redox step in both complexes. For the complexes 2b-d, the separation of the two oxidation potentials was less evident by CV, and differential pulse voltammetry (DPV) measurements were used to better distinguish the two processes ( Fig. 4b , Table 2 ). The separation of the two oxidation potentials gradually decreases as the number of methylene units between the carbene moieties is increased. While complexes 2c and 2d revealed almost symmetric signals, the redox processes of 2a and 2b are more complicated as indicated by the asymmetric shape of the DPV signals. Deconvolution using the monometallic complex 3 as a reference indeed revealed an appropriate fit if the first unusually broad redox process of 2a is surmised to consist of two one-electron processes centered at +1.15 V and +1.24 V, respectively. 24 The subsequent oxidation at +1.41 V then corresponds to a two-electron process.
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Analogous deconvolution of the signal due to 2b suggests an initial two-electron oxidation at +1.13 V, followed by two one-electron oxidations at +1.21 and +1.31 V, respectively. Accordingly, the two wellresolved signals for 2c and 2d presumably reflect two two-electron processes. Tentatively, these processes have been assigned to a stepwise oxidation of Ru II to Ru IV , which is essentially decoupled in 2c and 2d, yet weakly coupled in 2a and 2b. In such a superexchange model, the first one-electron step produces in 2a a mixed-valent Ru II /Ru III species, and a mixed-valent Ru III /Ru IV species when starting from 2b. Our data do not allow for rationalizing the different behavior of 2a and 2b. Tentatively we propose that coupling of the Ru III centers in 2b ensues due to the flexibility of the ethylene linker, which allows the two ruthenium centers to be bridged by halides. Such a conformation is inhibited by the methylene linker in 2a. This model insinuates that metal-metal coupling through the NHC-linker-NHC scaffold only occurs in 2a, while in 2b, the coupling is imparted by the bridging halide. Support for such a notion has been obtained from the larger comproportionation constant K c in 2b as compared to 2a as determined using equation 1.
where ΔE 1/2 is the potential difference between the two one-electron processes. The pertinent comproportionation constants allowed complexes 2a and 2b to be classified as typical class II systems featuring a charge-localized mixed-valent state. 26 According to these results, one or perhaps two sp 3 -hybridized methylene units between the NHC ligands enable the electron transfer between the two redox-active metal centers. Similar conclusions have been drawn from studies on alkyl-containing molecular rectifiers. 27 Recalling the large electron-tunnelling attenuation factor for alkane junctions (β ~ 0.85-1.0), 28 the resistance in complexes 2 is indeed expected to increase significantly upon insertion of additional CH 2 groups. 29 In an alternative model featuring through-space electron transfer, an optimum rather than a minimum number of methylene linker units would be expected to maximize intermetallic interactions, since the increased flexibility would bring the redox-active centers in closer proximity than they are in the short-linked system 2a (cf. X-ray data). In order to elucidate the stability of the oxidized Ru-carbene system, electrochemical investigations were performed on the monometallic complex 3. Pertinent CV indicate a single quasi-reversible oxidation with a cathodic/anodic current ratio i pc /i pa = 0.6. The relative cathodic current diminished further when the system was kept at the switching potential E = 1.3 V (vs. SCE) for prolonged time.
After 25 min, the i pc /i pa ratio decreased to 0.4, and became as low as 0.2 after 60 min. Obviously, electrochemically generated 3 + undergoes an irreversible chemical reaction. This conclusion is further supported by spectroelectrochemical studies on 3. 24 It is in good agreement with the results obtained for 2a and may provide a rational for the non-symmetric intensity of the observed DPV signals (see above).
Accordingly, the oxidized carbene complexes, either Ru III or Ru IV , are instable and thus difficult to access by synthetic methods. Indeed, our preliminary attempts to prepare 2a 4+ by oxidation using (NH 4 ) 2 Ce(NO 3 ) 6 gave ill-defined products. Their spectroscopic properties suggest the presence of species similar to those of the product obtained upon prolonged oxidation of 2a (λ max = 412 nm).
Modification of the bridging ligand. We sought to further increase the metal-metal interaction by exchanging the methylene linker in complex 2a by a potentially conjugated phenylene unit. Moreover, the introduction of substituents at the arene may allow for incorporating functional groups and perhaps even for rectifying the electronic process. Therefore, the bisimidazolium salt 4, synthesized by alkylation of the corresponding bisimidazole, was metallated by a procedure identical to that used for the preparation of 2a-d. The crude reaction mixture revealed two major products which both appeared to originate from cyclometalation. Attempts to separate the product by column chromatography using SiO 2 as stationary phase gave the products only in low yields and generated significant amounts of decomposition products. Higher yields and purer fractions were obtained from column chromatography over Al 2 O 3 and subsequent precipitation, thus affording the monometallic species 5 and the biscyclometallated complex 6 rather than the anticipated phenylene-linked dicarbene complex (Scheme 2).
Similar cyclometallation of Ru-NHC complexes comprising aryl wingtip groups was observed previously. 33 Apparently, this reactivity pattern is quite general when ruthenium(II) is used as the metal center. Additionally, two sets of signals for the imidazole-type rings and for the Bu wingtip groups, and four distinct doublets for the cymene aromatic protons were observed. In the 13 C NMR spectrum, the metalbound carbons appeared at 188.5 ppm (Ru-C NHC ) and at 168.1 ppm (Ru-C phenylene ), respectively.
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Single crystals of 5 were subjected to an X-ray diffraction analysis. The molecular structure comprises a five-membered C,C-ruthenacycle, thus confirming the solution-deduced cyclometalation (Fig. 5) . The bite angle of the C,C-bidentate ligand is rather acute, C1-Ru1-C5 78.0(4)°. In agreement with other cyclometallated carbene ruthenium complexes, 32 the Ru-C carbene bond is shorter (Ru1-C1 1.989(12) Å) than in monodentate systems (cf. 2a and 2d). The Ru-C Ph bond is longer (Ru1-C5 2.072(11) Å) and compares well with related systems (2.01-2.14 Å). The torsion angle between the carbene and the phenyl ring is 0.2(12)° and illustrates the coplanar arrangement of these rings. In contrast, the imidazolium heterocycle is twisted out of the phenylene plane by 23.0(14)°. 35 Interestingly, the iPr group of the cymene ligand is located above the phenyl ring. This orientation may also persist in solution as the shielding effect due to the aromatic ring current may explain the unusual upfield shift of the iPr methyl groups observed in solution (δ H 0.6-0.8). the cymene ligands on the same side of the plane defined by the phenylene spacer unit, steric congestion may constitute a driving force for acid-mediated reversible Ru-C phenylene bond cleaveage and for the rearrangement into the thermodynamically presumably more favored meso isomer. 24 Irrespective of the exact mechanism, however, the limited stability of the phenylene-bridged dinuclear Ru II -NHC renders complexes such as 6 unsuitable for electronic applications.
Conclusions
Bimetallic ruthenium(II)-NHC complexes with alkyl linkers of various length were synthesized.
Electrochemical analyses revealed a strong dependence of the intramolecular metal-metal interaction on the length of the alkyl linker. Based on the pertinent comproportionation constants K c , a through-bond model has been deduced for the methylene-linked system. Accordingly, increasing the alkyl linker length rapidly reduces the intermetallic coupling from charge-localized class II systems comprising a charge-localized mixed-valent state to decoupled class I complexes. Detailed investigations of the stability of the oxidized bimetallic Ru-NHC complexes indicated that the electrochemical oxidation is followed by a relatively fast chemical reaction, rendering the oxidation quasi-reversible only.
The degree of intermetallic electronic coupling in complex 2a is comparable to the results obtained from studies using dicarbene linkers that are connected by an annelated benzene ring at the remote carbon atoms (cf. A, B, Fig. 1 
